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1 Introduction 

In the last decades, there were a lot of research activities on hard protective coatings for 

forming and machining applications, to improve their performance and therefore the service 

lifetime [1, 2]. Hard coatings with a thickness of a few microns exhibit attractive mechanical 

and chemical properties such as high hardness, thermal stability and chemical inertness, as 

well as wear, oxidation and corrosion resistance [3, 4]. Physical vapour deposition techniques, 

like for example magnetron sputtering or cathodic arc evaporation, can be used to synthesize 

a variety of different coating materials [5, 6]. A coating system, which has been shown to 

improve the cutting performance and lifetime of cutting tools significantly, is Ti1-xAlxN [7, 8]. 

Ti1-xAlxN represents a metastable solid solution with a face-centred cubic (fcc) based structure 

up to an Al metal fraction x of 0.65. The Al addition results in improved properties at elevated 

temperatures [3, 4]. At higher Al contents, the formation of wurtzite (w) AlN sets in, which 

reduces the hardness [7, 8]. At 900 °C, Ti1-xAlxN decomposes into fcc-TiN and fcc-AlN rich 

domains, which is accompanied by age hardening. Upon further increasing the temperature, 

the metastable fcc-AlN transforms into the stable w-AlN. This results in a deterioration of the 

mechanical properties, especially the hardness [4, 9]. An alternative coating system with 

similar behaviour and properties is Cr1-xAlxN. As Ti1-xAlxN, Cr1-xAlxN is used as a hard coating 

material for machining tools to improve their lifetime and performance. Compared to 

Ti1-xAlxN, Cr1-xAlxN exhibits a better oxidation and corrosion resistance at elevated 

temperatures [4, 10]. Increasing the Al content within the fcc-regime has a positive influence 

on the mechanical properties and thermal stability of the deposited coating [2, 4].    

In addition to single layer coatings, it is also possible to deposit multilayer coatings [3, 11]. By 

varying the composition and thickness of the individual sublayers, the properties of multilayer 

coatings can be strongly influenced. Thus, the application of a multilayered coating 

architecture enables an improvement of the mechanical properties and thermal stability 

compared to single layers [12].  

The aim of this thesis is the investigation of multilayer coatings with different Al contents and 

variable sublayer thicknesses in the system TiAlN/AlTiN and CrAlN/TiAlN. The multilayer 

architecture was used to achieve a higher overall Al content in the coatings in comparison to 

the single layered coatings. Nine TiAlN/AlTiN and CrAlN/TiAlN coatings with three defined 

sublayer thicknesses as well as the corresponding four single layers with different Al/Ti ratios 
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(50/50, 70/30 and 80/20) and an Al/Cr ratio of 85/15 were deposited by unbalanced 

magnetron sputter deposition. Throughout the present thesis, TiAlN denotes Ti rich and AlTiN 

Al rich layers. Subsequent crystallographic, microscopic and mechanical investigations allowed 

to understand the influence of the layer architecture on the microstructure and properties of 

the coatings. 
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2 Theoretical Background  

2.1 Physical Vapor Deposition 

Physical vapor deposition (PVD) techniques are used to coat for example cutting inserts or 

electronic and optical devices with a coating thickness up to several µm [5, 13]. The PVD 

process consists of three main steps: (i) a solid material is vaporized, (ii) the vapor is 

transported from the target to the substrate and (iii) the vapor condenses on a surface, where 

nucleation and film growth occur [2, 14]. The target consists of the solid material which is 

evaporated or sputtered. An advantage of the PVD process is that almost all kinds of materials 

can be used as target (e.g. metals, alloys, compounds) and substrates (e.g. metals, plastics, 

glass), compared to chemical vapor deposition (CVD). In contrast to CVD where thermal 

activation is required, PVD allows low deposition temperatures [5, 15]. One disadvantage of 

PVD processes is that they are line-of-sight processes, which means that only the parts of the 

substrate, which are directly facing the target, are coated homogeneously. PVD processes can 

be basically classified into sputter deposition and evaporation. The sputter deposition process 

is explained in more detail below, since this process was used for the deposition of the 

coatings in the present work [3].  

2.1.1 Magnetron Sputtering  

The sputtering process is based on the erosion of atoms from the target surface by ion 

bombardment. Usually, the noble (i.e. non-reactive) gas Ar is used as ionized gas, which is also 

referred to as process gas. To initiate the sputter process, the vacuum chamber is filled with 

Ar gas and an electric field between the target, forming the cathode, and the grounded 

vacuum chamber, the anode, is applied. The electric field is generated by an external power 

supply [3, 13]. The Ar atoms are ionized through inelastic collision of neutral atoms and 

accelerated electrons, generated by a glow discharge, creating the so-called plasma. The 

ionized atoms are accelerated towards the negatively charged target, where the target atoms 

are vaporized by energy and momentum transfer. The sputtering yield is the number of target 

atoms ejected per incident ion [16]. This released vapor typically consists mainly of neutral 

atoms. The coating forms through condensation of these target atoms on the grounded or 

biased substrate [1, 3, 17]. A negative bias voltage on the substrate increases the potential 

between plasma and substrate surface. Thus, the ion bombardment on the substrate is 
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enhanced, resulting in local heating of the substrate, the so called atomic scale heating and 

consequently in an enhanced mobility of the condensed atoms leading to improved coating 

properties [3, 5].   

The deposition rate can be increased with the use of a magnetron. There, permanent magnets 

are arranged behind the target in such a way that the magnetic field is parallel to the target 

surface and therefore the electrons are concentrated near the target. This principle is based 

on the Lorentz force. As shown in Figure 1, the magnet generates a so-called electron trap: 

the free electrons are forced to move in a cycloid path near the target surface, which increases 

the number of ionization events and consequently results in an enhanced sputter rate [3, 5, 

18]. Depending on the configuration of the magnetic field lines, magnetron sputtering can be 

divided in balanced or unbalanced magnetron sputtering. In the balanced configuration, all 

magnetic field lines loop between the two magnets and the plasma is primarily confined near 

the target. In case of unbalanced magnetron sputtering, several of the magnetic field lines are 

open towards the substrate (Figure 1), as one magnet is stronger than the other [3, 18]. With 

the unbalanced magnetron arrangement, a higher deposition rate is achieved due to the 

higher target current. In addition, the ionization rate near the substrate increases, resulting in 

enhanced ion bombardment of the growing film and thus, in improved coating properties [18].  

It is possible to use reactive gases in the deposition process, which is referred to as reactive 

sputtering [1, 3]. The reactive gas, for example N2, CH4 or O2, reacts with the target atoms and 

consequently forms the desired compound. The reaction can also occur on the target surface, 

which results in target poisoning and subsequently leads to a lower deposition rate. Therefore, 

the adsorption of the reactive gas and reaction on the substrate is to be favoured [3, 13]. 

Sputtering can be done in three different modes: direct-current (DC), pulsed DC and radio-

frequency (RF). The DC-mode is often used due to the cheap power supply and the easy 

process control. However, there are two main disadvantages of this technique: (i) the low 

deposition rate in reactive sputtering due to target poisoning and (ii) the restriction to 

conductive targets. Using pulsed DC or RF allows to overcome these problems through 

permanently discharging the charged target surface. In both cases, the electrons and ions can 

still move between the electrodes [3, 5, 14]. Figure 1 shows a schematic of a DC unbalanced 

magnetron sputtering system. This setup is similar to the one used in this thesis.  
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Figure 1: Schematic of a DC unbalanced magnetron sputtering system [3]. 

The main advantage of sputtering compared to arc evaporation is the absence of droplets, 

representing molten target material and being characteristic for cathodic arc evaporation, 

which are incorporated into the coating. Therefore, sputter deposited coatings have a smooth 

homogeneous structure. However, in comparison to arc evaporation, the deposition rate and 

the ionization rate of the vaporized species are significantly lower in sputtering [3, 5].  

2.1.2 Structure Zone Models 

The microstructure of the coating is influenced by the diffusion of adatoms. The growth 

process of the coating depends for example on the deposition rate, gas pressure, bias voltage 

and substrate temperature [13]. Thus, it is crucial to understand the relationship between 

microstructure and deposition parameters. To illustrate these relations, structure zone 

models (SZM) have been developed [13]. There are SZMs proposed by Movchan and 

Demchishin [19], Thornton [20], Messier et al. [21] and Anders [22].  

Figure 2 illustrates the SZM by Thornton, which is used to describe the observed 

microstructures of sputter deposited coatings. Thornton reports four different structural 

zones as a function of the homologous temperature T/Tm and Ar pressure. T is the substrate 

temperature and Tm is the melting temperature of the coating material. In zone 1, the 

temperature is low, thus the mobility of the adatoms is limited. The coating is porous with 

columnar grains. In the transistion zone (zone T), competitive growth of differently oriented 

crystals develops and the coating exhibits fibrous grains. Furthermore, the coating is denser 

compared to zone 1. In zone 2, the effect of grain boundary migration becomes relevant. Here, 
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surface diffusion is the predominating process and the coating microstructure is characterized 

by columnar grains. Zone 3, where the homologous temperature is higher than 0.5, is 

dominated by dense equiaxed grains and a smooth surface. In this zone, the temperature is 

high enough for bulk diffusion, which results in recrystallization [20].    

 

Figure 2: SZM by Thornton for magnetron sputter deposited films [20].   

2.2 Ti-Al-N System 

With the exception of diamond, all hard materials exhibit a combination of metallic, covalent 

or ionic bonding [23]. The dominating bonding type defines the thermal stability and 

mechanical properties of a material, as can be seen in Figure 3. Ideal hard coatings should 

exhibit high hardness, good adhesion to the substrate and high chemical stability. In order to 

enable a combination of these properties, hard materials in the middle of the bonding triangle, 

such as TiN or TiAlN, are frequently used [24].  

 

Figure 3: Classification of hard materials [25]. 
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TiN coatings have a wide range of technical applications, for example as diffusion barriers, 

gate material and protective coatings. Owing to its golden-yellow colour, TiN is also used for 

decorative coatings [3, 4]. The equilibrium phase diagram of Ti-N is shown in Figure 4 [2]. TiN 

has a fcc NaCl structure with a nitrogen content in the range of 37.5 – 50 at.% [2, 26]. TiN 

exhibits a good thermal stability and corrosion resistance and a high hardness up to 32 GPa 

when synthesized by magnetron sputtering. However, at temperatures exceeding 550 °C, 

the hardness and oxidation resistance are poor [2, 3].  

 

Figure 4: Equilibrium phase diagram of Ti-N binary system [2].  

To improve the cutting performance, all relevant wear mechanisms have to be considered. To 

overcome the shortcomings of TiN at elevated temperatures, it is replaced by ternary 

compounds in severe applications. A commonly used substitute for TiN in the machining 

industry is TiAlN [8]. 

2.2.1 Microstructure 

The formation of fcc-Ti1-xAlxN is achieved through the substitution of Ti atoms by Al atoms 

until the maximum solubility of Al is reached. AlN has mainly covalent bonds in a hexagonal 

(hex) close packed (hcp) B4 ZnS-wurtzite-type structure [2]. Wurtzitic (w)-AlN and fcc-TiN have 

a low mutual solubility, as can be seen in Figure 5a. The use of PVD techniques, however, 

allows to synthesize the supersaturated solid solution Ti1-xAlxN, which is metastable [3, 4]. 

Figure 5b illustrates the metastable phase diagram of Ti1-xAlxN, where the two single phase 

regions for cubic and hex Ti1-xAlxN are separated by a two-phase region. In the two single phase 

regions, cubic and hex solid solutions can occur.  
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Figure 5: (a) Equilibrium phase diagram [4] and (b) modified metastable phase diagram of Ti1-

xAlxN [27]. 

Ti1-xAlxN exhibits a single fcc-structure up to Al metal fractions of 0.4 – 0.7, the metastable 

solubility limit, followed by a mixed fcc and w-structure and a single-phase w-structure at high 

Al contents. This structural development is shown in Figure 6 [2, 4, 28]. The solubility limit is 

affected by the deposition parameters. Since a higher Al content within the fcc-regime results 

in improved mechanical and thermal properties, a shift of the solubility limit to higher Al 

contents is favourable [29].  

 

Figure 6: Structural development of Ti1-xAlxN as a function of the Al content [30]. 

2.2.2 Mechanical Properties and Thermal Stability   

In order for cutting tools to have a long lifetime and a good performance, a high hardness is 

required [7, 8]. The smaller atomic radius of the Al atoms compared to Ti results in a 

decreasing lattice parameter with increasing amount of Al in Ti1-xAlxN. The addition of Al to 

TiN causes a hardness increase due to solid solution hardening. Lattice distortion, stemming 

from the substitution of the atoms, makes plastic deformation more difficult owing to the 

limited dislocation movement through stress fields. Further, the finer grain size with higher Al 
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content also contributes to the hardness increase according to the Hall-Petch effect [31, 32]. 

As illustrated in Figure 7a and b, hardness and Young’s modulus reach a maximum value when 

in the fcc-structure the highest Al content (0.65) is reached [2, 27]. Upon further increasing 

the Al content, the hardness and Young’s modulus decrease due to the formation of the 

w-structure.   

 

Figure 7: (a) Change in lattice parameter and microhardness as a function of the Al 
concentration of Ti1-xAlxN coatings. (b) Hardness and Young's modulus as a function of the Al 

concentration in Ti1-xAlxN coatings [2]. 

In addition to the composition dependent mechanical properties at room temperature, the 

evolution of the hardness of Ti1-xAlxN at elevated temperature has been thoroughly 

investigated in literature [4, 27]. While for TiN a decrease in hardness at temperatures 

exceeding 400 °C is observed [27], the hardness of Ti1-xAlxN increases with increasing 

temperature until w-AlN is formed. The observed hardness increase is a result of age 

hardening caused by spinodal decomposition [4, 27]. Figure 8 summarizes the whole sequence 

of microstructural development with increasing temperature. In the as-deposited state, 

Ti1-xAlxN exhibits a homogeneous microstructure with minor chemical fluctuations. Due to 

spinodal decomposition at 800-1000 °C, fcc-TiN and fcc-AlN enriched domains with coherent 

interfaces are formed, resulting in significant strains due to a lattice mismatch between the 

coherent cubic domains, which prevents dislocation movement and thus results in age 

hardening [9].  
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Figure 8: Schematic representation of the microstructural evolution of an fcc-Ti1-xAlxN 
coating. (a) As-deposited state with minor chemical fluctuations of the composition, (b) 

formation of fcc-AlN-rich and fcc-TiN-rich domains via spinodal decomposition, (c) ongoing 
decomposition and formation of w-AlN, (d) Al diffusion out of the fcc-TiN grains and growth 

of w-AlN, (e) grain growth of the dual phase structure [9].  

Upon further increasing the temperature, the metastable fcc-AlN transforms into the stable 

w-AlN structure. With further increasing temperature, the grains grow and the grain boundary 

volume is reduced. The formation of w-AlN and the grain growth result in a deterioration of 

the mechanical properties, especially the hardness, as can be seen in Figure 9 [27, 33]. The 

temperature, where the hardness peak occurs, depends on the Al content, since a high Al 

content is a driving force for decomposition. Thus, spinodal decomposition occurs at lower 

temperatures in coatings with higher Al contents [27]. This observation is corroborated by 

thermodynamic and ab initio calculations as well as by experimental studies [34, 35, 36].  

 

Figure 9: Evolution of hardness with annealing temperature for Ti1-xAlxN coatings with 
different Al contents [27]. 

The outstanding performance of Ti1-xAlxN coatings is also attributed to the oxidation resistance 

and the wear behaviour of this material. TiN oxidizes at approximately 550 – 600 °C, whereas 

Ti1-xAlxN coatings withstand temperatures as high as 800 °C without signs of oxidation. The 
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reason is the formation of a dual-phase oxide layer, consisting of a porous rutile (r)-TiO2 layer 

with a dense α-Al2O3 protective layer on top, acting as diffusion barrier [2, 3, 27]. As shown in 

Figure 10, the oxidation behaviour depends on the oxidation temperature and the Al content 

in the coating. At higher Al contents, the oxidation resistance is improved significantly due to 

the presence of an amorphous Al2O3 film [2, 27]. For achieving a good oxidation resistance, 

the Al content should be close to the solubility limit [3].  

 

Figure 10: Oxidation curves of Ti1-xAlxN coatings with different Al contents as a function of 
temperature [2].  

2.3 Cr-Al-N System  

CrN exhibits excellent corrosion resistance, good wear properties and good adhesion [3, 10, 

16]. Typical applications are protective layers, when the tool is subjected to tribological and 

corrosive loads [3]. CrN exhibits a high hardness and an oxidation resistance up to 700 °C. The 

sputtering yield is two to four times higher than for TiN, which enables high productivity and 

cost reduction [10, 16, 37]. CrN coatings typically exist in two possible modifications: CrN with 

an fcc-NaCl structure and Cr2N with a hex structure. The obtained modification depends on 

the nitrogen flow rate and the temperature. As shown in Figure 11, CrN has a very narrow 

phase field in the range of 49.5 – 50 at.% nitrogen. The stability field of Cr2N extends from 

30.3 – 33.3 at.% nitrogen at room temperature [16]. To improve the mechanical properties, 

thermal stability and oxidation resistance, commonly Al is alloyed to the binary CrN system to 

form Cr1-xAlxN. Cr1-xAlxN is used as a hard coating material for machining tools to improve their 

lifetime and performance [4, 10]. 
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Figure 11: Equilibrium phase diagram of the Cr-N system [16]. 

2.3.1 Microstructure  

Similar to w-AlN and fcc-TiN, w-AlN and fcc-CrN have a low mutual solubility [38]. Cr1-xAlxN 

undergoes a similar evolution of the crystal structure like Ti1-xAlxN as a function of the Al 

content. The Al atoms substitute for the Cr atoms until the maximum solubility of Al in fcc-CrN 

is reached. As shown in Figure 12, Cr1-xAlxN exhibits at x 0.7 a phase transformation from the 

NaCl type to the B4 w-type structure. Between an Al content of 0.7 – 0.77, the fcc- and the 

w-phases coexist in the coating [38].  

 

Figure 12: Evolution of the microstructure of Cr1-xAlxN [38]. 

2.3.2 Mechanical Properties and Thermal Stability  

Similar to Ti1-xAlxN, the substitution of Cr with Al atoms leads to a decrease of the lattice 

parameter of the fcc-Cr1-xAlxN phase and the hardness increases due to solid solution 

hardening. Above the critical Al solubility, w-AlN starts to form, which leads to a drop of the 

hardness. Figure 13 shows that the maximum hardness of 27 GPa for Cr1-xAlxN is reached at 

an Al content of x 0.6 [39].  
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Figure 13: Evolution of lattice parameter and microhardness of Cr1-xAlxN coatings with 
increasing Al content [39]. 

The Al content influences the onset of decomposition of Cr1-xAlxN during annealing. With an 

Al content close to the solubility limit, the hardness increases slightly up to a temperature of 

600 °C, as demonstrated in Figure 14. A further increase of the temperature to 725 °C results 

in a significant increase of the hardness due to the transformation and precipitation of an 

incoherent w-AlN phase from the fcc-AlN phase. The hardening effect continues as long as the 

additional phase is small in size and of only small volume fraction [4]. Age-hardening is caused 

by the formation of the w-AlN particles during the early stages of decomposition. With 

increasing content of the w-AlN phase, the hardness decreases rapidly [4]. 

 

Figure 14: Evolution of hardness with increasing annealing temperature for Cr1-xAlxN coatings 
with different Al content [4]. 

The initiation of the decomposition into the stable constituents fcc-CrN and w-AlN depends 

on the structure of the metastable Cr1-xAlxN coating. Figure 15a shows the decomposition of 

metastable fcc-Cr1-xAlxN coatings. Formation of the w-AlN phase sets in between 1000 and 

1300 °C, depending on the composition. As a result, initially h-Cr2N followed by body-centred 
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cubic (bcc) Cr forms. If the Al content of an fcc-Cr1-xAlxN coating is close to the metastable 

solubility limit, the phase separation starts at lower temperatures compared to coatings with 

lower Al content [3, 4]. Figure 15b illustrates the decomposition of metastable w-Cr1-xAlxN 

coatings. As in the fcc-matrix, w-AlN forms between 1000 and 1300 °C, depending on the 

composition. However, also fcc-CrN forms and formation of hexagonal-Cr2N starts later 

compared to the fcc-matrix [4].  

 

Figure 15: Schematic illustration of the individual phase fractions as a function of annealing 
temperature for (a) fcc-Cr1-xAlxN, (b) h-Cr1-xAlxN [4]. 

The oxidation resistance of Cr1-xAlxN coatings is improved compared to Ti1-xAlxN. Upon 

oxidation, Cr1-xAlxN forms α-Al2O3 and Cr2O3, which are both dense oxide layers. α-Al2O3 and 

Cr2O3 exhibit the smallest growth rates compared to other oxides [3, 4]. Ti1-xAlxN coatings 

oxidize at about 700 °C, whereas Cr1-xAlxN coatings withstand oxidative attack up to 1000 °C. 

Thus, when the oxidation resistance in the application is of major importance, coatings based 

on Cr1-xAlxN are suitable [3, 4].   

2.4 Multilayer Coatings 

The properties of single layers are often not sufficient for today’s demanding applications, 

which is why multilayer coatings are required. Multilayer coatings consist of two or more 

individual sublayers with different chemical composition. Nowadays, there are combinations 

of metal/metal, metal/ceramic and ceramic/ceramic multilayers. Ceramic/ceramic nitride 

multilayer coatings, e.g. TiN/AlN, TiN/TiAlN or CrN/CrAlN, are the technologically most 

important multilayer coatings regarding cutting applications [40]. With the progress in the 

development and utilization of deposition techniques, it has become feasible to create 

multilayer coatings with varying composition and sublayer thickness. For the deposition of 

multilayers, two or more single element or alloy targets are required [41]. Shutters, which can 
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close the individual targets, are needed to achieve a homogeneous layer structure. Another 

possibility is the preparation of multilayers applying suitable substrate rotation [3, 6]. Thus, 

sublayer thicknesses as low as a few nm can be realized by PVD [12]. Multilayer coatings allow 

a wide variety of microstructures in terms of crystallographic orientation, grain size, texture, 

lattice defects and phase composition [3, 11, 42]. The optimization of the performance of such 

coatings can be related to atomistic mechanisms at the interface between two 

crystallographic domains or material systems [1].  

The chemical composition and microstructure of the individual layers as well as the sublayer 

thickness have a strong influence on the properties of multilayer coatings. Furthermore, the 

combination of alternate ultra-thin layers with higher and lower elastic constants enables to 

synthesize materials with superior mechanical properties, in comparison to the respective 

single layers [12]. The combination of several mechanisms, like the Hall-Petch effect, 

dislocations motion in an alternating strain field and the supermodulus effect are responsible 

for the improved hardness [40, 42]. Regarding the mechanical properties, Chen et al. 

demonstrated that TiAlN/AlTiN multilayer coatings with a sublayer thickness of 6 nm and a 

mixed fcc/w structure exhibit superhardness of up to 57 GPa [29]. Also Li et al. reported on an 

improved hardness of CrAlN/TiAlN multilayer coatings compared to the respective single 

layers. As the sublayer thickness decreased, the hardness of the coating improved [43]. 

Furthermore, the toughness of multilayer coatings is commonly higher than that of single 

layers, due to an inhibited crack propagation. As shown in Figure 16, the main mechanisms 

for the improved toughness are interface delamination, ductile interlayer ligament bridging, 

crack deflection at the interface among the sublayers and crack tip blunting due to 

nanoplasticity [40, 44]. The performance of a multilayer coated substrate can be improved 

with a gradient design, when first an adhesive layer is deposited on the substrate. Some 

multilayer coatings based on TiAlN and CrAlN have a lower onset temperature of spinodal 

decomposition compared to the respective single layers due to the presence of internal 

interfaces and the fact that decomposition starts initially at the interfaces due to surface 

directed spinodal decomposition (SDSD), which is followed by internal spinodal 

decomposition. The due to SDSD evolving microstructure contributes to the improved 

hardness of multilayer coatings [45].   
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Figure 16: Toughening mechanisms achieved through the application of multilayers [40]. 

Li et al. [43] furthermore state that TiAlN/AlTiN multilayer coatings with a sublayer thickness 

up to 11 nm have an obvious effect on the SDSD. A disadvantage of multilayer coatings, 

however, is the mutual solubility of individual layers at elevated temperatures. Heating of such 

multilayer coatings during application leads to an interdiffusion at the interfaces. This 

diffusion process can reduce the hardness of multilayer coatings [46, 47].  

The oxidation behaviour of multilayer coatings is much more complex compared to single 

layers due to the altered diffusion properties of the individual sublayers. Therefore, no general 

statement can be made about the oxidation behaviour of multilayers [47, 48]. In addition to 

thermal stability and mechanical properties, the multilayered coating architecture is also 

reported to influence the tribological properties. CrAlN/TiAlN multilayer coatings show 

excellent performance in tribological application as compared to the properties of the 

respective single layers [12]. As can be seen in Figure 17, the lifetime of CrAlN/TiAlN multilayer 

coatings in cutting tests is significantly higher than that of the respective single layers [43]. 

In the last decades, the properties of multilayer coatings were reported in numerous 

experimental reports [1, 8, 26, 29, 42, 44] and theoretical calculations [12, 49, 50]. With the 

combination of theoretical approaches and experimental work it is possible to design new 

wear resistant or functional coatings based on multilayer architectures [2, 3].   
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Figure 17: Lifetime of TiAlN, CrAlN single layer and CrAlN/TiAlN multilayer coatings. 
(a) 160 m/min cutting speed and (b) 200 m/min cutting speed [43]. 
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3 Experimental Methods 

3.1 Coating Deposition 

A laboratory scale sputtering unit, type AJA International ATC-1800 UHV, located at the Chair 

of Functional Materials and Materials Systems at the Montanuniversität Leoben, was used for 

the deposition of the coatings. In Figure 18 an image of the device is shown. The synthesis of 

the coatings was performed using four water cooled unbalanced AJA A330 XP UHV 

magnetrons, arranged in the vacuum chamber as shown in Figure 19.    

 

Figure 18: Used sputter deposition device. 

Each of the magnetrons was operated by its own power supply. Two of the magnetrons were 

equipped with planar, circular targets with a Ti/Al ratio of 50/50 and a diameter of 3 inch and 

a thickness of 0.25 inch. The purity of the targets was 99.5 %. Depending on the series, the 

following targets with the respective Ti/Al ratios were used for the other two magnetrons: 

30/70, 20/80 and in addition Cr/Al 15/85. The targets were positioned on opposing sides and 

could be covered with a movable shutter, as indicated in Figure 19.   

 
Figure 19: Top view of the vacuum chamber showing the arrangement of the targets. 

Ti/Al 
50/50 
targets 

Control unit and 

power supplies 

Vacuum chamber 

Load lock system 

Shutter 
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Cemented carbides with 92 wt.% WC, 6 wt.% Co and 2 wt.% mixed carbides in SNUN geometry 

were used as substrates. The substrates were ultrasonically pre-cleaned in acetone and 

ethanol (each for 5 min) and subsequently dried in air before they were mounted on the 

substrate holder. The sample holder was fixed on a rotary device and was placed in the 

vacuum chamber with a load lock system.     

Before starting the deposition process, the vacuum chamber was pumped to a base pressure 

<1×10-7 mbar. After evacuation, the substrates were heated to the deposition temperature of 

350 °C with a heating unit mounted on the back of the sample holder. To remove remaining 

surface contaminants, the substrates were cleaned by plasma etching in RF mode with a 

power of 95 W and Ar with a flow rate of 15 sccm. The shutters in front of the targets were 

closed during the etching process. The Ar pressure in the vacuum chamber was 5×10-3 mbar 

and the duration of the cleaning process was 710 s.  

During coating deposition, Ar was regulated to a flow rate of 20 sccm and N2 to a flow rate of 

7.5 sccm. The working pressure in the chamber was 5×10-3 mbar. The depositions were 

performed in bipolarly pulsed DC mode with a power of 400 W, a pulse frequency of 100 kHz 

and a pulse duration of 1 µs. An RF substrate bias power of 20 W was applied. After deposition, 

the heating system was turned off automatically and the substrates were cooled down to 

100 °C. The individual adjustments for the single layers and multilayer coatings are described 

in detail in the following two sub-sections.      

3.1.1 Single Layer Coatings 

Four single layer coatings were deposited to obtain information on the deposition rate, 

microstructure, crystallographic orientation and mechanical properties. The nomenclature of 

the single layers (SL) was chosen according to the respective target composition. Thus, 

SL 50/50, SL 30/70 and SL 20/80 correspond to TiAlN single layers deposited from targets with 

a Ti/Al ratio of 50/50, 30/70 and 20/80, respectively, and SL CrAl 15/85 corresponds to a single 

layer deposited from targets with a Cr/Al ratio of 15/85. For SL 50/50, the deposition time was 

7000 s, while the duration for the other three single layers was 6500 s. By knowing the 

deposition time and the measured coating thickness it was possible to calculate the deposition 

rate and consequently the deposition time for the individual sublayers in the multilayer 

coatings. The rotation speed of the substrate holder was 60 % of the maximum possible speed. 

This corresponds to a frequency of 60 revolutions per minute.   
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3.1.2 Multilayer Coatings 

For each multilayer coating system, three different depositions were carried out, aiming for 

three different sublayer thicknesses, i.e. 3 nm/8 nm, 4 nm/10 nm and 5 nm/12 nm. The first 

layer of all multilayer coatings was the Ti50Al50N layer.  

The nomenclature of the coatings was chosen to include the Ti (or Cr) and Al content in the 

target and the thickness of the Ti50Al50N layer and the alternating layer. Thus, ML_Ti30Al70_3-8 

denotes a TiAlN/AlTiN multilayer, deposited from Ti/Al 50/50 and 30/70 targets, with 3 nm 

aimed layer thickness of the TiAlN layers and 8 nm aimed layer thickness of the AlTiN layers. 

The deposition time was two hours, aiming for a coating thickness of 4 μm. To obtain a 

homogeneous layer structure of the multilayer coatings, the rotation speed of the substrate 

holder was elevated to 80 % of the maximum possible speed. This corresponds to a frequency 

of 80 revolutions per minute.  

3.2 Coating Characterization 

3.2.1 Coating Thickness 

The thickness of the coatings on the cemented carbide was determined with a CSM Calowear 

test by ball cratering. Subsequently, the sample was investigated with a light optical 

microscope to measure the inner and outer diameter of the calotte. These diameters were 

used to calculate the coating thickness. Three calottes were ground in each sample and the 

mean value and the standard deviation were calculated.  

3.2.2 Layer Architecture 

In order to verify the layer architecture of the multilayer coatings and to assess the actual 

sublayer thicknesses, cross-sectional micrographs of exemplary coatings were recorded using 

a scanning electron microscope (SEM) of type Zeiss Gemini 450. The cross-sections were 

prepared with a Hitachi IM 4000+ ion milling system. Only the single layer coatings and the 

multilayer coatings within the 3-8 sublayer system were investigated.  
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3.2.3 Chemical Composition 

The chemical composition of the cross-section of the single and exemplarily the 3-8 multilayer 

coatings on cemented carbide substrates was measured by energy-dispersive X-ray 

spectroscopy (EDX), using an Oxford Instruments INCA detector on a Zeiss Gemini 450. For 

quantification built-in sensitivity factors were applied. It has to be noted, that EDX 

measurements only give a rough estimation of the composition of multilayered coatings.  

3.2.4 Microstructure 

Information about the crystallographic structure of the investigated coatings was obtained via 

X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with Cu-Kα 

radiation. The measurements were performed in grazing incidence geometry within a 2θ 

range from 25 to 85°. An incidence angle of 2°, a step size of 0.02° and a counting time of 1 s 

per step were applied. The value for the tube voltage was set to 40 kV and the tube current 

to 40 mA. The wavelength of Cu-Kα radiation is 1.54 Å.  

3.2.5 Hardness and Young’s modulus   

Hardness and Young’s modulus of the coatings were measured using a UMIS nanoindenter 

from Fischer-Cripps Laboratories equipped with a diamond Berkovich tip. The samples were 

placed in the device for at least 2 hours before the start of the tests to minimize thermal drift. 

Prior to the experiments, the coating surface was polished by hand to obtain a low and 

uniform surface roughness. A load from 20 to 10 mN was applied in steps of 0.5 mN. The 

maximum penetration depth was less than 10 % of the coating thickness to minimize substrate 

effects. The measurements were evaluated according to the Oliver and Pharr method [51].    
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4 Results and Discussion 

4.1 Single Layer Coatings 

4.1.1 Coating Thickness 

Table 1 summarizes the thicknesses of the single layer coatings measured by the Calowear 

test and SEM as well as the deposition rate calculated from the thickness measured with the 

Calowear test. There is a considerable difference between the thickness as determined by 

Calowear test and SEM. It is assumed that the reason for this is that the calottes were not 

ideal circles. Chipping of the coating furthermore decreased the accuracy of the evaluation. 

As can be seen in Table 1, the deposition rate of SL 50/50 is considerably lower than the one 

of SL 30/70. As the Al content further increases, a plateau is reached, resulting in comparable 

values of SL 30/70 and SL 20/80. However, the thickness measured by SEM increases and this 

leads to the assumption that the deposition rate of SL 20/80 calculated from the Calowear 

test is not correct. Since Al exhibits a higher sputtering yield (Y) compared to Ti, the increasing 

deposition rate with increasing Al content is in agreement with literature [52]. Exemplary 

sputtering yields found in literature for Ar ion energies of 400 eV are YAl = 0.80 for Al and 

YTi = 0.55 for Ti [53]. The deposition rate of SL CrAl 15/85 exceeds the values of all Ti1-xAlxN 

single layer coatings, which can be attributed to the higher sputtering yield of Cr (YCr = 1.11) 

compared to Ti [54].  

 

Table 1: Thicknesses measured by Calowear test and SEM as well as the calculated 
deposition rate of the single layer coatings. 

Coating system 
Thickness measured with 

Calowear test [µm] 

Thickness measured 

by SEM [µm] 
Deposition rate [nm/s] 

SL 50/50 1.5 2.1 0.2 

SL 30/70 4.4 4.3 0.7 

SL 20/80 4.1 4.6 0.6 

SL CrAl 15/85 5.2 4.7 0.8 
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4.1.2 Chemical Composition 

Table 2 shows the chemical composition of the single layer coatings as determined by EDX. All 

Ti1-xAlxN single layer coatings exhibit a lower Ti/(Ti+Al) ratio compared to the target. This 

observation can be attributed to the aforementioned higher sputtering yield of Al compared 

to Ti [52]. The Cr/(Cr+Al) ratio of SL CrAl 15/85 (0.46) is significantly higher than the one in the 

target (0.15). Again, this can be ascribed to the sputtering yield, which is higher in case of Cr 

compared to Al [37]. In addition, selective scattering of the lighter Al atoms might play a role. 

The nitrogen content for all Ti1-xAlxN coatings was close to 50 at.%, indicating a stoichiometric 

composition. For SL CrAl 15/85, the nitrogen content amounts to 35 at.%, which suggests the 

presence of h-Cr2N in addition to fcc-Cr1-xAlxN considering the equilibrium phase diagram of 

Cr-N [54].  

Table 2: Chemical composition of the single layer coatings as determined by EDX. 

Coating 

system 

Chemical composition [at.%] (Ti,Cr)/((Ti,Cr)+Al) 

ratio Ti Cr Al N 

SL 50/50 20 - 30 50 0.40 

SL 30/70 12 - 37 51 0.24 

SL 20/80 8 - 45 47 0.15 

SL CrAl 15/85 - 30 35 35 0.46 

 

4.1.3 Microstructure 

As can be seen from the cross-sectional scanning electron micrographs of the coatings in 

Figure 20, all single layer coatings exhibit a fine-grained structure. Some individual grains can 

be resolved in case of SL 30/70 (Figure 20b) and SL 20/80 (Figure 20c). This is however not 

possible in case of SL 50/50 (Figure 20a) due to the pronounced tapering from the ion slice 

and in case of SL CrAl 15/85 (Figure 20d) owing to the extremely fine grains. Thus, the 

micrographs indicate a smaller grain size of SL CrAl 15/85 compared to the Ti1-xAlxN single layer 

coatings.  
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Figure 20: Secondary electron scanning electron micrographs of the cross-sections of 
a) SL 50/50, b) SL 30/70, c) SL 20/80 and d) SL CrAl 15/85. The measured coating thickness is 

given as well. 

In Figure 21, the XRD patterns of the Ti1-xAlxN single layer coatings are presented. The standard 

peak positions for the fcc-TiN, fcc-AlN, w-AlN and WC reflections are given as well [55 – 58]. 

The XRD peaks of SL 50/50 are located in between the standard peak position of fcc-TiN and 

fcc-AlN, confirming the formation of a fcc-TiAlN solid solution [59]. No indication for the w-AlN 

phase can be found in the SL 50/50 coating. In addition to fcc-TiAlN peaks, 110 and 102 

reflections of the w-structure are present in the SL 30/70 pattern. SL 20/80 exhibits only w 

peaks. Thus, with increasing Al content, the phase fraction of w-AlTiN increases. The lower 

density of the w-AlTiN phase is expected to contribute significantly to the increase of the 

deposition rate for high Al contents reported in Table 1 [11]. The peaks of w-AlTiN are slightly 

shifted to lower diffraction angles compared to the standard peak position of w-AlN, indicating 

the incorporation of Ti atoms into the w-AlN lattice. The full width at half maximum (FWHM) 

of the XRD reflections increases with increasing Al content. While the 111 fcc-TiAlN peak in 

SL 50/50 exhibits a FWHM of 0.25°, this value amounts to 0.29° in the SL 20/80. The same 

trend can be observed for the 100 w-AlTiN peaks, where the FWHM increases from 0.29° in 

a) 

c) 

b) 

 4.7 µm d) 

 2.1 µm 

 4.6 µm 

 4.3 µm 

2 µm 2 µm 

2 µm 2 µm 
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SL 30/70 to 0.71° in SL 20/80. A larger FWHM correlates with a smaller size of coherently 

diffracting domains and higher micro-strain [60]. Thus, an increasing Al content in the coatings 

results in grain refinement and micro-strain intensification.  

 

Figure 21: XRD patterns of the Ti1-xAlxN single layer coatings. 

In Figure 22, the XRD pattern of SL CrAl 15/85 is shown. The standard peak positions for 

fcc-CrN, hex-Cr2N, fcc-AlN, w-AlN and WC stemming from the substrate are given as well [56 

– 58, 61, 62]. The detected fcc-CrAlN peaks are located between the standard peak positions 

of fcc-CrN and fcc-AlN [39]. Thus, as for the TiAlN coatings with low Al content, an fcc-CrAlN 

solid solution has formed. In addition, reflections stemming from w-Al(Cr)N are detected, 

although the Cr/(Al+Cr) ratio of 0.45 is significantly lower than the theoretical solubility limit 

of 0.62 reported in literature [37, 63], which indicates that the deposition parameters need to 

be further optimized. Moreover, h-Cr2N reflections are present, which can be attributed to 

the low N content of 35 at.% (see Table 2). The 200 fcc-CrAlN peak exhibits a FWHM of 2.60°. 

Thus, the FWHM of fcc-CrAlN is significantly larger compared to the one of the Ti1-xAlxN 

coatings. Therefore, much smaller grains are present in SL CrAl 15/85, which is in agreement 

with the impression from the scanning electron micrograph in Figure 20.  
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Figure 22: XRD pattern of SL CrAl 15/85. 

4.1.4 Mechanical Properties 

Figure 23 shows the hardness and the Young’s modulus of the four single layer coatings. The 

error bars depict the calculated standard deviation. SL 50/50 and SL 20/80 have a comparable 

hardness of 23 GPa. The minimum hardness value of 19.5 ± 1.2 GPa among the Ti1-xAlxN 

single layer coatings was determined for SL 30/70. According to PalDey and Deevi [2], the 

hardness increases with increasing Al content until the metastable solubility limit of the fcc 

structure is reached. Thus, the here determined trend is in contradiction to literature. It is 

assumed that the reason for this is that the coatings are not perfectly dense. Thus, 

optimization of the deposition conditions would be crucial to obtain denser coatings with an 

improved hardness. The SL CrAl 15/85 exhibits a hardness of 21.0 ± 2.0 GPa and is thus 

comparable with the value determined for SL 20/80. Among the Ti1-xAlxN single layer coatings, 

SL 50/50 exhibits the highest Young’s modulus of 432 ± 18 GPa. With increasing Al content, 

the Young’s modulus decreases, resulting in values of 300 GPa for SL 30/70, 20/80 and 

CrAl 15/85. As mentioned before, the FWHM increases with increasing Al content and 

therefore the grain size decreases. With smaller grain size, the amount of the grain boundaries 

(111) (200) 
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increases. The Young’s modulus decreases with increasing amount of grain boundaries, since 

the grain boundaries represent weak, underdense zones in the material [64]. 

 

Figure 23: (a) Hardness and (b) Young's modulus of the single layer coatings. 

4.2 Multilayer Coatings 

4.2.1 Coating Thickness 

Table 3 summarizes the thicknesses measured with the Calowear test and the thereof 

calculated deposition rates as well as the thicknesses determined by SEM of the multilayer 

coatings. The aimed coating thickness of 4 µm could be achieved for all multilayer coatings. 

The deposition rates lie between the deposition rates of the respective single layer coatings 

(see subsection 4.1.1 Coating Thickness). With increasing sublayer thickness, the deposition 

rate decreases due to the increased fraction of the Ti50Al50N sublayers, which exhibited a lower 

deposition rate. In contrast to the single layer coatings, the thicknesses determined with the 

Calowear test and SEM are in a good agreement with each other. In the following TiAlN layers 

denote Ti rich, AlTiN layers Al rich layers. 

 

  

a) b) 
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Table 3: Thicknesses measured by the Calowear test and SEM, and calculated deposition rate 
of the multilayer coatings. 

Coating system 
Thickness measured with 

Calowear test [µm] 

Thickness measured 

with SEM [µm] 
Deposition rate [nm/s] 

ML_Ti30Al70_3-8 4.3 4.4 0.6 

ML_Ti20Al80_3-8 4.8 4.5 0.7 

ML_Cr15Al85_3-8 5.1 5.0 0.8 

ML_Ti30Al70_4-10 4.0 - 0.6 

ML_Ti20Al80_4-10 4.8 - 0.7 

ML_Cr15Al85_4-10 5.1 - 0.8 

ML_Ti30Al70_5-12 4.3 - 0.6 

ML_Ti20Al80_5-12 4.7 - 0.6 

ML_Cr15Al85_5-12 4.7 - 0.7 

 

4.2.2 Microstructure 

In Figure 24 scanning electron micrographs showing an overview of the multilayer coatings 

within the 3-8 sublayer system are exemplarily presented. As for the single layer coatings, the 

multilayer coatings exhibit a fine-grained structure. Due to the higher mass contrast of the 

CrAlN/TiAlN coatings compared to TiAlN/AlTiN, the individual CrAlN and TiAlN sublayers can 

be differentiated in Figure 24c already at this rather low magnification. Brighter layers 

correspond to the CrAlN layers, dark ones to the TiAlN layers. At the given magnification, it is 

not possible to resolve the individual layers in the TiAlN/AlTiN multilayers.   
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Figure 24: Secondary electron scanning electron micrographs of the (a) ML_Ti30Al70_3-8, 
(b) ML_Ti20Al80_3-8 and (c) ML_Cr15Al85_3-8 multilayer coating. The measured coating 

thickness is given as well. 

 

In order to be able to resolve the layers also in the TiAlN/AlTiN multilayer coatings, scanning 

electron micrographs, shown in Figure 25, were recorded at a higher magnification. The 

individual layers can be resolved in case of ML_Ti20Al80_3-8 (Figure 25b). Bright layers 

correspond to TiAlN layers, dark ones to AlTiN layers. Also with the higher magnification 

applied, it is hardly possible to resolve the individual layers of ML_Ti30Al70_3-8. It is assumed 

that the mass contrast between the individual layers of ML_Ti30Al70_3-8 is too low to 

unambiguously resolve the layers by means of SEM.  

 

 

a) b) 

c) 

 4.4 µm 

a) 

 4.5 µm 

 5.0 µm 
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Figure 25: Secondary electron scanning electron micrographs of the a) ML_Ti30Al70_3-8, 
(b) ML_Ti20Al80_3-8 and (c) ML_Cr15Al85_3-8 multilayer coatings recorded at higher 

magnification.  

From the micrographs shown in Fig. 25, the respective sublayer thicknesses were determined. 

Table 4 compares the aimed and real sublayer thickness of the multilayer coatings. The 

resolution of the used SEM was too low to determine the sublayer thicknesses of the 

ML_Ti30Al70. The measured thickness of the Ti20Al80N sublayers and the Cr15Al85N sublayers is 

in reasonable agreement with the aimed dimensions. The actual thicknesses of the Ti50Al50N 

sublayers determined for the 3-8 multilayer coatings were, however, significantly higher than 

the aimed thickness. It is assumed that the inaccurate estimation of the deposition rate of the 

Ti50Al50N single layer from the Calowear test is the reason for the higher thickness of these 

layers. Since the sublayer thicknesses of the ML_Ti30Al70 could not be measured, no values are 

given in Table 4 for this coating system.  

Table 4: Aimed sublayer thickness and actual sublayer thickness of the multilayer coatings. 

Coating system 
Aimed sublayer thickness [nm] Actual sublayer thickness [nm] 

Ti50Al50N Alternating layer Ti50Al50N Alternating layer 

ML_Ti20Al80_3-8 3 8 7.6 ± 0.7  10.1 ± 0.9  

ML_Cr15Al85_3-8 3 8 5.0 ± 0.3  11.0 ± 1.0  

b) 

c) 

a) 
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In the following, the results of the XRD investigations of the multilayer coatings with the same 

composition, but varying sublayer thickness are compared. In Figure 26, the XRD patterns of 

the ML_Ti30Al70 coatings are presented. These multilayer coatings exhibit a fcc-TiAlN solid 

solution. Thus, the peaks are located between the standard peak positions for fcc-TiN and 

fcc-AlN [55, 56]. In contrast to SL 30/70, no w-AlN reflections are detected. This observation 

indicates that the Ti50Al50N layers stabilize the fcc-structure in the higher Al containing layers. 

The FWHM of the 200 reflection decreases with increasing sublayer thickness from 1.38° in 

the 3-8 coating to 1.23° in the 5-12 coating. Therefore, a reduction of the sub-layer thickness 

results in grain refinement and intensification of the micro-strain, which has also been 

reported by other authors [65].  

 

Figure 26: XRD patterns of the ML_Ti30Al70 coatings. 

Figure 27 shows the XRD patterns of the ML_Ti20Al80 coatings, which have a similar 

crystallographic structure as the ML_Ti30Al70 coatings, but also exhibit small 100 w-AlTiN 

reflections. However, in contrast to SL 20/80, the fcc-TiAlN phase is still present in case of the 

ML_Ti20Al80 coatings. Thus, also for this coating, the Ti50Al50N sublayer allowed a stabilization 

of the fcc-structure. Peak intensities and FWHM are comparable for all ML_Ti20Al80 coatings, 

irrespective of the sublayer thickness.  
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Figure 27: XRD patterns of the ML_Ti20Al80 coatings. 

In Figure 28, the XRD patterns of the ML_Cr15Al85 coatings are shown. The reflections are 

located between the standard peak positions of fcc-CrN and fcc-AlN, confirming the formation 

of the fcc-CrAlN solid solution. At 2θ37.5° it is not possible to distinguish whether w-AlTiN or 

fcc-TiAlN is present. In addition, a 211 reflection attributed to h-Cr2N is observed. The 

intensities of the peaks slightly increase with increasing sublayer thickness. As in the 

ML_Ti30Al70 coatings, the FWHM of the 200 fcc-CrAlN peak decreases with increasing sublayer 

thickness from 2.41° in the 3-8 coating to 1.70° in the 5-12 coating. Thus, a lower sublayer 

thickness induces a smaller domain size and increased micro-strain. Although a stabilization 

of the fcc regime can be also suggested for the ML_Cr15Al85 coatings, the effect seems to be 

less pronounced compared to the TiAlN/AlTiN coatings. 
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Figure 28: XRD patterns of the ML_Cr15Al85 coatings. 

4.2.3 Chemical Composition 

Table 5 shows exemplarily the chemical composition of the multilayer coatings within the 3-8 

sublayer system as determined by EDX. The given compositions denote average values, as it 

was not possible to resolve the compositional differences between the individual sublayers. 

For better comparability, the theoretical metal fractions are given as well in Table 5. The 

theoretical metal fraction was calculated following equation 4.1.  

𝑓𝑥 =
(𝑐1∗𝑡1+𝑐2∗𝑡2)

𝑡1+𝑡2
           (4.1) 

Here, fx is the fraction of the element x, c the actual metal fraction of the respective layer, 

which is assumed to correspond to the metal fractions of the respective single layers in Table 

2 and t the real sublayer thickness of the respective layer from Table 4.   

As already mentioned, no values for the sublayer thicknesses of the Ti30Al70N multilayer 

coatings are available. Therefore, the theoretical Ti/(Ti+Al) ratio of this coating was estimated 

with the aimed sublayer thickness. The value is marked in Table 4 with a star. All TiAlN/AlTiN 

multilayer coatings show a slightly higher Ti/(Ti+Al) ratio than the corresponding theoretical 

ratio. In contrast to the single layer coating, the Cr/(Cr+Al) ratio of the CrAlN/TiAlN multilayer 

(111) (200) (220) 

(110) (002) (201) (200) (211) 
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coating is lower than the theoretical ratio. The nitrogen content for all TiAlN/AlTiN coatings 

was approximately 43 at.% and thus, clearly understoichiometric. For the ML_Cr15Al85_3-8 

coating, the nitrogen content was 31 at.%. Thus, all multilayer coatings exhibit a lower 

nitrogen content than the corresponding single layer coatings.  

Table 5: Comparison of the theoretical metal fraction (Equation 4.1) with the measured 

chemical compositions of the multilayer coatings within the 3-8 sublayer system.  

Coating system 

Theoretical 

(Ti,Cr)/((Ti,Cr)+Al) 

ratio 

Composition as 

determined by EDX 

[at.%] 

Actual 

(Ti,Cr)/((Ti,Cr)+Al) 

ratio 
Ti Cr Al N 

ML_Ti30Al70_3-8 0.28* 19 - 38 43 0.33 

ML_Ti20Al80_3-8 0.26 16 - 41 43 0.28 

ML_Cr15Al85_3-8 0.36 10 18 41 31 0.31 

* theoretical ratio was estimated with the aimed sublayer thickness.  

4.2.4 Mechanical Properties 

As can be seen in Figure 29, the mechanical properties of the investigated coatings are not 

affected by the sublayer thickness to a large extent. For each composition system, the values 

of the hardness and Young’s modulus basically spread within the standard deviation for the 

different sublayer thicknesses. The chemical and consequently the phase composition of the 

coating, however, has a significant influence on the mechanical properties. The ML Ti30Al70N 

coatings exhibit a hardness of 23 ± 1.1 GPa and a Young’s modulus of 350 ± 14 GPa, making 

them the hardest and stiffest variation among the investigated multilayers. The lower 

hardness (20 ± 1.1 GPa) and Young’s modulus (300 ± 13 GPa) of the ML_Ti20Al80N coatings 

is attributed to the presence of the w-structure, which is reported to deteriorate the 

mechanical properties [29]. The fact that SL 20/80 exhibits a higher hardness than the 

corresponding multilayer coatings is contradictory to theoretical considerations. According to 

Wang et al. [40], the application of a multi-layered coating architecture improves the hardness 

due to prevention of dislocation movement. It is suggested that the reason for the here 

observed trend is that the coating is not fully dense. This assumption applies as well to the 

CrAlN/TiAlN multilayer coating. The lowest hardness and Young’s modulus values of 

17 GPa ± 0.7 and 290 ± 8 GPa, respectively, are obtained for the ML_Cr15Al85 coatings. In 
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conclusion, it should be mentioned that the absolute values and trends of the mechanical 

properties of the coatings only partly agree with data from the literature [29, 43]. This fact 

highlights again the necessity to further optimize the deposition parameters.  

 

 

Figure 29: Hardness H and Young's modulus E of the (a) ML_Ti30Al70, (b) ML_Ti20Al80 and (c) 
ML_Cr15Al85 multilayer coatings over the sublayer thicknesses. 

  

a) b) 

c) 
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5 Summary and Conclusion 

The aim of this thesis was to synthesize TiAlN/AlTiN and CrAlN/TiAlN multilayer coatings as 

well as the corresponding Ti1-xAlxN and Cr1-xAlxN single layers and to investigate their 

microstructure and mechanical properties. Four single layer coatings and nine multilayer 

coatings with different (Ti, Cr)/Al ratio and different sublayer thickness were deposited by 

reactive magnetron sputtering in a laboratory sputtering unit. The deposited coatings were 

investigated by Calowear tests, X-ray diffraction and nanoindentation. In addition, all single 

layer coatings and selected multilayer coatings were investigated by scanning electron 

microscopy and energy-dispersive X-ray spectroscopy.  

It could be shown that magnetron sputtering is a suitable technique for the deposition of 

TiAlN/AlTiN and CrAlN/TiAlN multilayer coatings with sublayer thickness down to 5 nm. All 

coatings exhibited a polycrystalline fine-grained structure. The XRD pattern of SL 50/50 

showed a single-phase fcc-TiAlN structure. SL 30/70 exhibited a dual-phase fcc/w structure 

and SL 20/80 was pure w-AlTiN. Thus, with higher Al content the amount of w-AlTiN increased 

in the single layers. The SL CrAl 15/85 exhibited a dual-phase fcc/w structure. All ML_Ti30Al70 

coatings were characterized by a single-phase fcc-TiAlN structure, independent of the sublayer 

thickness, while the ML_Ti20Al80 coatings showed minor w-AlTiN reflections. However, 

considering the purely wurtzitic SL 20/80, it can be concluded that the application of the 

multilayered coating architecture stabilizes the fcc-structure. The ML_Cr15Al85 exhibited a 

dual-phase fcc/w structure, comparable to the single layer.  

Within the TiAlN single layer coatings, the hardness decreased from 23.1 ± 1.8 GPa in SL 50/50 

to 19.5 ± 1.2 GPa in SL 30/70, but increased to 23.5 ± 1.1 GPa for the SL 20/80 again. The 

hardness of SL CrAl 15/85 was 20.9 ± 2 GPa. With increasing Al content, the Young’s modulus 

of the deposited coatings decreased from 432 ± 18 GPa in SL 50/50 to 293 ± 12 GPa in 

SL 20/80. The Young’s modulus of SL CrAl 15/85 was 282 ± 16 GPa. No significant influence of 

the sublayer thickness on the mechanical properties was observed. The results of the 

nanoindentation experiments of the coatings were in discrepancy with literature, regarding 

both the absolute values and the trend. This fact is attributed to a low density of the coating 

and a non-optimized structure. 

Summarizing, it could be shown that the application of a multilayered coating architecture 

allows to stabilize the fcc-structure especially in TiAlN/AlTiN coatings. However, further 
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optimization of the deposition conditions would be crucial to obtain coatings with improved 

mechanical properties. In order to assess the applicability of the deposited coatings for cutting 

applications, further investigations on thermal stability, wear behaviour and adhesion should 

be done. Coatings with a modified layer architecture or deposition parameters might result in 

denser coatings with a higher hardness compared to the coatings in this thesis.  
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